The antigen receptor gene rearrangement at a given locus is tightly regulated with respect to cell lineage and developmental stage by an ill-defined mechanism. To study the possible role of precursor B cell antigen receptor (pre-BCR) signaling in the regulation of the ordered immunoglobulin (Ig) gene rearrangement during B cell differentiation, a newly developed system using heavy (H) chain membrane exon ( m)-deficient mice was employed. In this system, the antibody-mediated cross-linking of Ig ␤ on developmentally arrested progenitor B (pro-B) cells mimicked pre-BCR signaling to induce early B cell differentiation in vivo. Analyses with ligation-mediated polymerase chain reaction revealed that the Ig ␤ cross-linking induced the redirection of Ig gene rearrangements, namely, the suppression of ongoing rearrangements at the H chain locus and the activation of rearrangements at the light (L) chain locus. Upon the crosslinking, the L chain germline transcription was found to be upregulated whereas the V H germline transcription was promptly downregulated. Notably, this alteration of the accessibility at the H and L chain loci was detected even before the induction of cellular differentiation became detectable by the change of surface phenotype. Thus, the pre-BCR signaling through Ig ␤ appears to regulate the ordered Ig gene rearrangement by altering the Ig locus accessibility.
Introduction
The diversity of antigen specificity among B cells is generated during their development through the rearrangement of gene segments encoding parts of the variable region of H and L chains (1, 2) . A common recombinase that recognizes a conserved recombination signal sequence (RSS) 1 mediates all the rearrangement reactions (3). However, the rearrangement at a given locus is highly regulated during B cell development such that there is a clear-cut order of Ig gene rearrangements, namely, H chain gene rearrangements before L chain gene rearrangements (4, 5) . Once H chain is expressed through a functional V H D H J H rearrangement in one allele of the H chain gene, the recombinase is directed towards the L chain locus, and the D H J H joint in the other allele of the H chain gene is not targeted for further V H to D H J H rearrangement. This regulation of recombinase targeting appears to be important for allelic exclusion, namely, the mechanism by which a single B cell has only one functionally rearranged H chain allele to ensure one immune specificity per cell (6, 7) . However, signals involved in this spatial and temporal regulation of the Ig gene rearrangements remained largely unknown. In this study, we examined the role of signaling through Ig ␤ , a component of the pre-BCR, in this regulation by using a novel system to manipulate Ig gene rearrangements in vivo.
The pre-BCR is composed of the membrane-bound form of the H chain, Vpre-B/ 5 surrogate L chain, and an Ig ␣ /Ig ␤ heterodimer (8, 9) . Its expression is restricted to the early pre-B cell stage of B cell development in which the rearrangement of the H chain gene but not yet the L chain gene has been completed (10, 11) . The critical role of the pre-BCR in B cell generation was illuminated by creating pre-BCR-deficient mice in which B cell development was found to be severely impaired at the transition from the pro-B cell stage to the large pre-B cell stage (12, 13) . The importance of the pre-BCR was further confirmed in humans by finding agammaglobulinemia patients with mutations of either the H chain gene or the 5 gene (14, 15) . The pre-BCR has been suggested to regulate several hallmark events associated with progression from the pro-B to pre-B cell stage, including Ig gene rearrangements (16, 17) . Studies with transgenic mice indicated that allelic exclusion was mediated by the membrane-bound form of the H chain (18) (19) (20) . Indeed, allelic exclusion was found to be violated in heterozygous mice carrying a targeted disruption of the membrane exon of the H chain in one allele and an unmutated gene in the other allele (21) . Furthermore, it has been shown that H chain genes were not allelically excluded at the pre-B cell stage in 5-deficient mice (22) . These results support the idea that the pre-BCR is involved in the process of allelic exclusion at the pre-B cell stage, even though an underlying mechanism including a signaling pathway remains to be elucidated. The membranebound form of the H chain was also found to be functional in the induction of L chain rearrangements when expressed in in vitro pro-B cell lines (23) (24) (25) . On the other hand, studies with a series of knockout mice clearly demonstrated that neither H chain nor surrogate L chain was a prerequisite for L chain gene rearrangement (13, 21, 26, 27) . Thus, the role of the pre-BCR in a L chain gene rearrangement remains an open question.
To assess the proposed roles of the pre-BCR in regulation of Ig gene rearrangements, it is essential to show whether signaling through the pre-BCR actually suppresses or induces rearrangements at the H and L chain loci in vivo. However, to our knowledge no study has directly addressed this issue so far. The extremely low level of pre-BCR surface expression has hampered biochemical studies of pre-BCR signaling (10, 28) , and a ligand triggering pre-BCR signaling remains unidentified. Moreover, transformed pre-B cell lines turned out not to be proper materials for analyzing the differentiation signals of the pre-BCR. To overcome these limitations, we have recently established a novel system that provides a superior way to analyze pre-BCR signaling by using bone marrow pro-B cells (29) . The Ig ␣ /Ig ␤ heterodimer was detected in association with calnexin on the surface of H chain Ϫ pro-B cells, albeit at low levels, and was able to transduce signals across the cell membrane when cross-linked (29, 30) . In vivo treatment of recombination activating gene (RAG)-2-deficient mice with anti-Ig ␤ mAb revealed that cross-linking Ig ␤ on developmentally arrested pro-B cells induced early B cell differentiation from pro-B to small pre-B cells (29) . Therefore, we concluded that the antibody-mediated cross-linking of Ig ␤ on pro-B cells mimicked the signal that is normally transduced via the pre-BCR. As it is extremely difficult to analyze the differentiation signal through pre-BCR itself, our novel system should provide a powerful tool for analyzing how pre-BCR signaling regulates differentiation events such as Ig gene rearrangements. However, it is impossible to examine the effects of Ig ␤ cross-linking on Ig gene rearrangements using RAG-2-deficient mice because the recombination machinery necessary for rearrangements does not work in these mice (31) . Therefore, we used m-deficient mice, in which B cell development was completely arrested at the pro-B cell stage, as in RAG-2-deficient mice, but the recombination machinery was kept intact (12) . Our results indicate that the signaling through Ig ␤ , a component of the pre-BCR, regulates locus accessibility for ordered Ig gene rearrangement.
Materials and Methods
Mice. m-deficient mice (12) and RAG-2-deficient mice (31) were provided by Dr. K. Rajewsky (University of Cologne, Germany) and Dr. F.W. Alt (Howard Hughes Medical Institute, Boston, MA, The Children's Hospital), respectively. They were bred and maintained under specific pathogen-free conditions in our animal facility and used for analysis at 8-12 wk of age. All of the experiments in this study were performed according to the Guidelines for Animal Use and Experimentation as set out by our Institutions.
Antibodies. FITC-conjugated anti-CD45R/B220 (RA3-6B2), PE-conjugated anti-CD45R/B220 (RA3-6B2), and biotin-conjugated antibodies specific to CD25 (7D4), CD117 (3C1), BP-1 (6C3), CD2 (RM2-5), and L chain (R5-240) were purchased from PharMingen. The mAb against 5 (LM34 [32]) was purified and labeled with biotin by standard methods. PE-conjugated streptavidin was purchased from Southern Biotechnology Associates, and allophycocyanin (APC)-conjugated streptavidin was provided by PharMingen. The mAb against mouse Ig ␤ (HM79) was described previously (30) .
Cell Preparation and Flow Cytometry. Bone marrow cells were isolated from femurs and tibias of mice and suspended in staining buffer (PBS containing 0.1% BSA and 0.1% NaN 3 ). For the enrichment of B lineage cells, B220 ϩ cells were purified from bone marrow by using anti-CD45R (B220)-conjugated microbeads according to the procedure of the manufacturer (Miltenyi Biotec). More than 90% of the cells in the enriched population were found to express B220 (data not shown). Staining of bone marrow cells was performed as described (10) . Debris, erythrocytes, and dead cells were excluded from the analysis by forward and side scatter and propidium iodide gatings. For cytoplasmic staining, bone marrow cells were fixed and permeabilized with Cytofix/Cytoperm kit (PharMingen) according to the manufacturer's instructions. Stained cells were analyzed by FACSCalibur™ (Becton Dickinson). Cell sorting was performed with a FACS Vantage™ (Becton Dickinson).
PCR and Reverse Transcription PCR Analyses. Genomic DNA was prepared from B220 ϩ bone marrow cells and subjected to PCR to detect V-J joints of the L chain gene. PCR conditions and primers were described previously (33) . The PCR products were electrophoresed in 2% agarose gel, blotted onto nylon membranes, and then hybridized with 32 P-labeled oligonucleotide probe J 2-P (5 Ј -GTGCCTCCACCGAACGTCCA-3 Ј ). The radioactivity was quantified with a Bio-Image analyzer (model BAS 2500; Fuji Photo Film Co. Ltd.). For reverse transcription (RT)-PCR, total RNA was prepared from B220 ϩ bone marrow cells using Isogen (Nippon gene) and treated with RNase-free DNase (GIBCO BRL) to remove contaminating genomic DNA. cDNA was prepared using Moloney murine leukemia virus (MMLV) Reverse transcriptase RNaseH Ϫ (ReverTra Ace; Toyobo Co., Ltd.) and oligo dT or V H J558 antisense primer (34) . RT was carried out at 50 Њ C. For V H J558 germline transcripts, samples were amplified as described previously (34) . For other genes, PCR was carried out with 25 cycles of 20 s at 94 Њ C, 15 s at 55 Њ C, and 1 min at 72 Њ C. Sequences of the primers used for 0 germline transcripts, V H J558 germline transcripts, L chain germline transcripts, and hypoxanthine phosphoribosyl transferase (HPRT) have been described previously (34) (35) (36) (37) . Each PCR amplification was carried out within the logarithmic phase (data not shown). The PCR products were electrophoresed in 3% agarose gel, blotted onto nylon membranes, and hybridized with the following 32 P-labeled probes:
Ligation-mediated PCR Assays. Ligation-mediated PCR (LMPCR) assays were carried out as described (38, 39) with minor modification. In brief, genomic DNA from B220 ϩ bone marrow cells was subjected to linker ligation at 16 Њ C overnight in 10 l ligation mixture (50 mM Tris [pH 7.4], 10 mM MgCl 2 , 20 mM dithiothreitol, 1 mM ATP, 5 g/ml BSA, 10 pmol BW linker, and 2U T4 DNA ligase [Takara Shuzo]) and then heated to 95 Њ C for 10 min to inactivate T4 ligase. Samples were subjected to nested PCR as described (38, 39) after normalization for DNA content by PCR amplification of RAG-1 gene as described previously (35) . The PCR products were electrophoresed in 3% agarose gel, blotted onto nylon membranes and hybridized with the following 32 P-labeled oligonucleotide probes:
Results

B Cell Differentiation Is Induced in m-deficient Mice When
Treated with Anti-Ig ␤ mAb. m-deficient mice were treated by a single injection of 1 mg of anti-Ig ␤ mAb HM79. Flow cytometric analysis of their bone marrow cells isolated on day 6 after injection revealed that the expression of CD25 (Tac), BP-1, and CD2 on CD45R (B220) ϩ B lineage cells was upregulated, whereas that of 5 and CD117 (c-kit) was downregulated in the treated mice compared with control mice (Fig. 1 , not all data shown). The average size of the CD45R (B220) ϩ cells was smaller than that of corresponding cells in untreated mice (data not shown). These phenotypic changes were very similar to those observed at the pro-B to small pre-B transition in normal B cell development. Thus, B cell differentiation could be induced by the cross-linking of Ig␤ on pro-B cells in mdeficient mice, as previously observed in RAG-2-deficient mice (29) , as long as judged by the phenotypic changes.
Ig␤ Cross-Linking on Pro-B Cells Induces the Activation of Rearrangements at the L Chain Locus. We next addressed the question whether the signaling through Ig␤ could also have any effect on Ig gene rearrangements. First, to examine the configuration of L chain genes, CD45R (B220) ϩ bone marrow cells were isolated from m-deficient mice 6 d after the treatment with anti-Ig␤ mAb or PBS, and subjected to PCR analysis with a pair of primers specific for V and J2. Though low levels of PCR products corresponding to V-J1 and V-J2 joints could be detected even in untreated or PBS-treated mice, as described previously (21, 26) , their levels were found 20 and 40 times higher, respectively, in the anti-Ig␤-treated mice (Fig. 2 A) . This indicates that the cross-linking of Ig␤ on pro-B cells promotes the production of V-J joints. To confirm the effect of Ig␤ cross-linking on L chain gene rearrangement, the expression of L chain protein was analyzed by flow cytometry. In accord with the PCR analysis, L chain was detectable in the cytoplasm of ‫%4ف‬ of CD45R (B220) ϩ bone marrow cells 6 d after the anti-Ig␤ treatment while hardly seen in those from control mice treated with PBS (Fig. 2  B) . Thus, the cross-linking of Ig␤ on pro-B cells appeared to promote L chain gene rearrangements.
However, the observed increase in V-J joints and L chain proteins among the B lineage population in the treated mice might not be due to the activation of rearrangements. It could be the consequence of preferential expansion of a minor population of cells that had already completed L chain gene rearrangements before the treatment. Therefore, we used the LMPCR assay, which reflects more accurately the amount of active V(D)J recombination at a particular locus because it detects intermediates in the recombination reaction rather than its end-products (38) . DNA was prepared from CD45R (B220) ϩ bone marrow cells 6 d after the treatment with anti-Ig␤ mAb or PBS, and subjected to ligation with double strand linkers followed by nested PCR using a linker-specific primer and a pair of primers specific for the broken-ended RSS upstream of J1 (38, 39) . As shown in Fig. 3 (top) , the frequency of intermediates of V-J rearrangement carrying broken-ended RSS upstream of J1 greatly increased in the anti-Ig␤-treated m-deficient mice compared with the PBS-treated mice. This clearly indicated that the antibodymediated cross-linking of Ig␤ on pro-B cells indeed activated the recombination at the L chain loci. 
Ig␤ Cross-Linking on Pro-B Cells Induces the Suppression of
Rearrangements at the H Chain Locus. The LMPCR assay was further applied to examine recombination activity at the H chain locus by using primers specific for the brokenended RSS upstream of D FL16.1 (38, 39) . The frequency of intermediates of V H to D H J H rearrangements carrying the broken-ended RSS upstream of D FL16.1 was found to be much lower in CD45R (B220) ϩ bone marrow cells from the anti-Ig␤-treated m-deficient mice than in those from PBS-treated control mice (Fig. 3, bottom) . This clearly indicated that the antibody-mediated cross-linking of Ig␤ on pro-B cells suppressed the V H to D H J H recombination at the H chain locus.
Ig␤ Cross-Linking on Pro-B Cells Induces the Alteration of Accessibility at the H and L Chain Loci before the Induction of Surface Phenotypic Changes.
It has been shown that small pre-B cells in bone marrow of normal mice have a high activity of recombination at the L chain locus, but no activity at the H chain locus (39) . Therefore, the alteration of recombination activity at the H and L chain loci observed in the CD45R (B220) ϩ bone marrow cells from m-deficient mice might not be a primary effect of the Ig␤ crosslinking. It could be simply the consequence of the differentiation from pro-B cells to small pre-B cells induced by the anti-Ig␤ treatment. To address this issue, we analyzed the kinetics of the surface phenotypic changes of CD45R (B220) ϩ bone marrow cells after the treatment with antiIg␤ mAb, compared with the kinetics of the germline transcription at the H and L chain loci, which has been demonstrated to correlate strongly with rearrangement at those loci (40, 41) .
As shown in Fig. 4 A, no apparent change was detected on day 1.5 after injection in the expression of CD25 and BP-1 on CD45R (B220) ϩ bone marrow cells, whereas their expression was upregulated on days 3 and 6. The kinetics of the proportion of CD25 ϩ or BP-1 ϩ cells among CD45R (B220) ϩ B lineage cells is summarized in Fig. 4 B. In parallel with the analysis of these surface markers, total RNA was prepared from CD45R (B220) ϩ bone marrow cells on days 0, 1.5, 3, and 6 after injection. Semiquantitative RT-PCR with specific primers revealed that the crosslinking of Ig␤ on pro-B cells induced a drastic reduction of V H J558 germline transcripts derived from unrearranged V H segments, although 0 germline transcripts stayed at almost the same levels (Fig. 5 A) . On day 6, the amount of V H J558 germline transcripts was diminished to approximately one fifth of that on day 0. Notably, threefold reduction of V H J558 germline transcripts was detected as early as on day 1.5 after injection, even though no apparent change in the surface phenotype of pro-B cells was observed at that time (compare Fig. 4 B with Fig. 5 A) . In contrast, the level of L chain germline transcripts derived from an unrearranged L chain gene was greatly upregulated as much as ninefold by day 6 after injection ( Fig. 5 B) . An approximately twofold increase of L chain germline transcripts was detected as early as day 1.5 after injection. To clarify the significance of this increase in the L chain germline transcripts before the induction of cellular differentiation, the level of L chain germline transcripts was further examined in BP-1 Ϫ versus BP-1 ϩ fraction sorted from CD45R (B220) ϩ bone (Fig. 6 ). As expected, BP-1 ϩ differentiated cells from the anti-Ig␤-treated mice expressed 5.9 times higher levels of L chain germline transcripts compared with BP-1 Ϫ cells from the PBS-treated control mice (F 2 versus F 0 in Fig. 6 B) . Intriguingly, a 3.6-fold increase of L chain germline transcripts was detected even in BP-1 Ϫ undifferentiated cells from the anti-Ig␤-treated mice compared with the corresponding cells from the control mice (F 1 versus F 0 in Fig. 6 B) . Therefore, the upregulation of L chain germline transcripts appeared to start before the differentiation from BP-1 Ϫ cells to BP-1 ϩ cells. These results indicate that upon the anti-Ig␤ treatment, the L chain locus in pro-B cells became open and more accessible for recombinases, whereas the H chain locus became less accessible, even before the sign of cellular differentiation became detectable on the cell surface.
Discussion
This study demonstrated that the antibody-mediated Ig␤ cross-linking on pro-B cells induced their differentiation to the small pre-B cell stage in m-deficient mice as if it mimicked pre-BCR signaling. This has allowed us to directly examine the possible effects of signaling through Ig␤, a signal-transducing component of the pre-BCR, on the Ig gene rearrangements in early B cell precursors. We found that the Ig␤ signaling induced a drastic change in the targeting of V(D)J recombinase activity, from being predominantly active at the H chain locus to being restricted to the L chain locus. Importantly, we demonstrated that the change of locus accessibility indicated by the upregulation of L chain germline transcripts and the downregulation of V H germline transcripts was detectable even before the cellular differentiation indicated by the change of surface phenotype. Therefore, the alteration of locus accessibility induced by the Ig␤ signaling is not simply a consequence of the differentiation of pro-B cells to small pre-B cells, where decreased accessibility at the H chain locus and increased accessibility at the L chain locus have been reported (38, 39, 42) . Our results strongly suggest that the signaling through the Ig␣/Ig␤ heterodimer of the pre-BCR is involved in the regulation of ordered Ig gene rearrangement by altering the accessibility of the H and L chain loci.
Previous studies with a series of knockout mice demonstrated that neither H chain nor surrogate L chain was required for L chain gene rearrangement (13, 21, 26, 27) . In accord with this, low levels of L chain germline transcripts and some L chain gene rearrangements could be detected in bone marrow pro-B cells from m-deficient mice. However, interestingly we found that the Ig␤ cross-linking on pro-B cells drastically increased L chain germline transcripts as well as the occurrence of L chain gene rearrangements. The induction of such L chain germline transcription was also observed in pro-B cells of RAG-deficient mice when the H chain transgene was expressed (43, 44) . Therefore, pre-BCR signaling via Ig␤ appears to facilitate opening the L chain loci for efficient access of recombinase even though it is not necessarily a prerequisite for the induction of L chain gene rearrangements.
The importance of Ig␤ in the allelic exclusion was previously demonstrated by creating mice carrying the transgene encoding the chimeric molecule between the H chain and the Ig␤ cytoplasmic tail (45) . Consistent with this, in our system used in this study, the in vivo cross-linking of Ig␤ on pro-B cells resulted in the suppression of rearrangements at the H chain locus as detected by LMPCR. We further demonstrated that V H J588 germline transcripts in pro-B cells were downregulated to one third as early as day 1.5 after the anti-Ig␤ treatment, namely before cellular differentiation. This prompt closing of the H chain locus would be a mechanism of allelic exclusion at the H chain locus observed in normal B cell development, in that as soon as H chain is produced through a functional V H-D H J H rearrangement in one allele of the H chain gene, the rearrangement at the other allele is supposed to be prevented. Thus, the signaling through Ig␤ appears to be involved in allelic exclusion through altering the accessibility at the H chain locus. Since V H but not 0 germline transcription was suppressed by Ig␤ cross-linking, the inaccessibility appears to be restricted to V H segments at the H chain locus. This is consistent with previous observations in H chain transgenic mice (38, 42) .
Another level of regulation in allelic exclusion has been proposed. It has been shown that RAG-2 proteins are quickly degraded during the S, G2, and M phases of the cell cycle (46, 47) . Since the pre-BCR signal drives the cell cycle for several rounds of division (10), RAG-2 proteins produced during the pro-B cell stage for H gene rearrangement would be degraded rapidly in pre-BCR-expressing large pre-B cells. It seems reasonable that the pre-BCR signal leads to closing of the H chain locus and opening of the L chain locus while it downregulates the RAG activity. When the expression of surrogate L chain is shut off, most likely by pre-BCR signaling itself, and the RAG activity increases again (35) , V(D)J recombinase targets the L chain locus but no longer the H chain locus. Thus, the pre-BCR appears to guarantee the allelic exclusion doubly by regulating both the recombinase and its target loci.
There has been much debate about what triggers pre-BCR signaling in normal B cell development, whether binding of a putative ligand or self-aggregation of the pre-BCR (17) . Whether the surface expression of the pre-BCR is essential for its function is another important question (48, 49) , since the expression level of the pre-BCR on the surface of pre-B cells is extremely low compared with that of the BCR, and the vast majority of the pre-BCR was detected intracellularly (10, 28) . This study did not address those issues. Nevertheless, it clearly demonstrated that the Ig␤ complex on pro-B cells is fully competent to transduce signals across the cell membrane for cell differentiation and Ig gene rearrangements, though its expression level on the cell surface is extremely low and almost undetectable even by flow cytometry, as in the case of the pre-BCR (29) . This favors the idea that the pre-BCR exerts its function on the cell surface in spite of its paucity.
The system described in this study is unique in that the ordered program of Ig gene rearrangements can be triggered in vivo by one shot of the antibody injection. Abelson murine leukemia virus (A-MuLV)-transformed pro-B and pre-B cell lines as well as Ig transgenic mice have been widely used to study the mechanism of Ig gene rearrangements (4, 18-20, 36, 38, 42-45) . Our system has an advantage over those studies in that the antibody-mediated elicitation of transient and synchronous responses of pro-B cells allows us to examine the kinetics of each process in the rearrangement program, such as the alteration of chromatin structure and transcription in a particular locus. This approach should facilitate the elucidation of the mechanism by which the ordered Ig gene rearrangement is regulated during B cell development. 
